Purpose The sorption of sulfamethoxazole, a frequently detected pharmaceutical compound in the environment, onto walnut shells was evaluated. Methods The sorption proprieties of the raw sorbent were chemically modified and two additional samples were obtained, respectively HCl and NaOH treated. Scanning electron microscopy, Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy, and thermogravimetric (TG/DTG) techniques were applied to investigate the effect of the chemical treatments on the shell surface morphology and chemistry. Sorption experiments to investigate the pH effect on the process were carried out between pH 2 and 8. Results The chemical treatment did not substantially alter the structure of the sorbent (physical and textural characteristics) but modified the surface chemistry of the sorbent (acid-base properties, point of zero charge-pH pzc ). The solution pH influences both the sorbent's surface charge and sulfamethoxazole speciation. The best removal efficiencies were obtained for lower pH values where the neutral and cationic sulfamethoxazole forms are present in the solution. Langmuir and Freundlich isotherms were applied to the experimental adsorption data for sulfamethoxazole sorption at pH 2, 4, and 7 onto raw walnut shell. No statistical difference was found between the two models except for the pH 2 experimental data to which the Freundlich model fitted better. Conclusion Sorption of sulfamethoxazole was found to be highly pH dependent in the entire pH range studied and for both raw and treated sorbent.
Introduction
The occurrence of pharmaceutical and personal care products (PPCPs) in the aquatic environment has become a crucial topic in the last few years. The investigation efforts focused in an initial phase mainly on the environmental risk assessment and extensive data have been gathered to document the contamination of the aquatic environment by these pollutants (Nikolaou et al. 2007; Farré et al. 2008; Segura et al. 2009; Kümmerer 2009a) . The studies point out the continuous introduction to sewage waters of these compounds along with their metabolites and the inefficiency of many conventional wastewater treatment plants (WWTPs) in their removal (Jones et al. 2005; Batt et al. 2006; Suárez et al. 2008; Kümmerer 2009a) . Antibiotics are among the most commonly detected pharmaceutical compounds in the aquatic environmental. Several classes of antibiotics have been detected in different environmental waters such as groundwater, surface, and in a few cases even in drinking water (Batt et al. 2006; Farré et al. 2008; Segura et al. 2009; Kümmerer 2009a ). Some of the major concerns about the presence of these drugs in the environment include possible ecotoxicological effects to non-target organisms (Farré et al. 2008; Kümmerer 2009a; Santos et al. 2010 ) and the development of antibiotic-resistant bacteria (Baquero et al. 2008; Kümmerer 2009b ).
Due to the high public and health concern about the presence of these compounds in the environment and the recognizance of the WWTPs as the major source of pharmaceutical contamination, a number of conventional and innovative treatment methods, such as activated carbon, oxidation via chlorination, ozonation, Fenton and photoFenton, biological process (activated sludge treatment), and membrane bioreactor and filtration, have been evaluated (Suárez et al. 2008; Homem and Santos 2011) . Each option of treatment has its own limitation and benefit in removing trace contaminants. Adsorption is a well-established technique to remove pollutants, and it has been considered superior to other techniques in terms of initial cost, flexibility and simplicity of design, ease of operation, and insensitivity to toxic pollutants (Crini 2006) . One of the main advantages of the adsorption processes is that no byproducts are generated (Suárez et al. 2008; Homem and Santos 2011) . Although activated carbon is probably one of the most effective methods for the removal of organic pollutants from water, its comparably high cost typically prohibits the treatment of large amounts of wastewaters; hence, alternative sorbent materials have been proposed that rely on low cost and readily available natural material (Crini 2006; Ngah and Hanafiah 2008; ). Several waste materials from industry or agriculture have been studied as non-conventional sorbents for inorganic (Gupta and Sharma 2003; Gupta and Rastogi 2008; Freitas et al. 2008; Ngah and Hanafiah 2008; Gupta et al. , 2010 as well as organic substances (Gupta et al. 2000 (Gupta et al. , 2006 Crini 2006; Estevinho et al. 2007; Gupta and Ali 2008; Mittal et al. 2009 Mittal et al. , 2010a . Most frequently, these materials are chemically modified to increase their sorption capacities or to remove nonstructural constituents such as tannins, terpenes, or phenolic compounds (Crini 2006; ). Walnut shells are among the wide range of lignocellulosic waste materials that have been suggested as efficient sorbent alternatives. Due to the low ash content, bulk density, and mechanical properties, it has been frequently used as precursor for activated carbon production but also as low-cost sorbent for metal and oil removal (Crini 2006; Srinivasan and Viraraghavan 2008; ).
The main objective of the present work was, therefore, to study the potential application of raw and chemically treated walnut shells as sorbent for sulfamethoxazole removal from solution. Scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and thermogravimetric (TG/DTG) techniques were applied in order to clarify the effect of the chemical treatments on the shell surface morphology and chemistry and the resultant impact on sulfamethoxazole removal efficiency. Sulfamethoxazole is one of the most commonly used sulfonamide antibiotics and it has been frequently detected in the environment (Jones et al. 2005; Batt et al. 2006; Farré et al. 2008; Segura et al. 2009; Kümmerer 2009a) . Sulfamethoxazole is an amphoteric compound which possesses two ionizable functional groups considered relevant to the environmental pH range: the anilinic amine and the amide moieties; therefore, its solution speciation will be dependent on pK a values and the medium pH (Qiang and Adams 2004; Zarfl et al. 2008) . For this reason, the pH influence on sulfamethoxazole removal was also considered in this work.
Methods

Reagents and materials
Sulfamethoxazole was purchased from Sigma-Aldrich (Sintra, Portugal). Individual stock solutions at a concentration of 1 g/L were prepared in methanol and stored at −20°C in dark glass vials. Standard solutions were prepared daily by appropriate dilution of the stock solution with water. The water was bidistilled, deionized, and filtered through 0.45-μm nylon membrane filters (Supelco, Sigma-Aldrich). Methanol and acetonitrile were of HPLC grade. These solvents were obtained from VWR (Porto, Portugal). Orthophosporic acid (purity 85%), concentrated hydrochloric acid (HCl), sodium hydroxide, and citric acid monohydrate (purity >99.0%) were obtained from VWR. Sodium phosphate monobasic monohydrate (purity >99.0%) and sodium phosphate (purity >99.0%) were purchased from Sigma-Aldrich. Dilution of concentrated hydrochloric acid, 12 M, and concentrated sodium hydroxide (50% w/w), were used to adjust pH solutions.
Walnut shell preparation
The walnut shells were grounded and sieved. The fraction 250 μm < d <500 μm was selected. The samples were washed with deionized water, oven-dried for 48 h at 105°C
, and kept in a controlled humidity atmosphere. The grounded material (1 g material/10 mL solution ratio) was treated with HCl (0.1 mol/L) or NaOH (3% w/w) at room temperature for a period of 24 h and 1 h, respectively. After the treatments, the material was filtered and washed with water to remove an excess of chemicals. Finally, the treated sorbent was oven-dried for 48 h at 105°C and kept in a controlled humidity atmosphere.
High-performance liquid chromatography (HPLC)
Chromatographic analyses were performed with a Merck Hitachi (Tokyo, Japan) system equipped with a L-7100 pump (Merck Hitachi), an Autosampler Model L-7250 (100 μL loop), and a diode array detector L-7450 A (Merck Hitachi). Data was acquired and processed by HSM D-7000, version 3.1, software. A reversed-phase Purospher RP-18 endcapped column (250 mm×4 mm, particle size 5 μm) and a guard column Purospher RP-18e (4 mm×4 mm) supplied by Merck (Darmstadt, Germany) were used. The mobile phase consisted of aqueous (citrate buffer 20 mM with pH adjusted to 2.50±0.02) and acetonitrile (75:25, v/v, isocratic) , at a flow rate of 0.8 mL/min. Injection volume was 100 μL and the analyses were performed at room temperature. Antibiotic identification was performed by comparison of standards, concerning retention time and UV spectra of the analyte. Peak purity evaluation was also performed. Quantification was carried out using external calibration.
Walnut shell characterization
The main physical properties of the materials before and after chemical treatment were determined by mercury porosimetry with a Poremaster-60 QuantaChrome (Boynton Beach, USA) and with a Coulter Counter LS 230 particle size analyzer (Miami, USA) apparatus. The proximate analysis was carried out on a Netzsch TG 209 F1 thermal analyzer (Selb, Germany). The thermogravimetric data were obtained by recording both the mass loss of the samples and its rate, under conditions of linear temperature increase (25°C/min) from room temperature up to 950°C under a nitrogen flow of 30 mL/min.
Scanning electron microscopy (SEM)
The SEM graphs of the walnut shell samples were recorded on a FEI Quanta 400 FEG ESEM/EDAX Pegasus X4M (Eindhoven, The Netherlands) instrument under high vacuum operation. The samples were coated with gold in a JEOL JFC 1100 ion sputter. Imaging was performed at beam accelerating voltages of 10 kV. These analyses were performed at the Materials Centre of the University of Porto (CEMUP).
Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra of untreated and treated samples were obtained using the KBr disk technique and were recorded on a Bomem, Arid-Zone™ 1540 (Frankfurt, Germany). Spectra range was 4,000-650 cm −1 , and resolution was 4 cm −1 (20 scans/min).
X-ray photoelectron spectroscopy (XPS)
The XPS spectra of untreated and treated samples were recorded on a VG Scientific ESCALAB 200A (West Sussex, UK) with an Al anode (X-ray voltage 15 kV, 300 W, X-ray energy 1,253.6 eV). Survey scans were taken with a 1.0-eV step and 50-eV analyzer pass energy while the high-resolution spectra were recorded with a 0.1-eV step and 20-eV pass energy. Atomic percentages of the elements present were derived from the survey spectra. Peak fitting procedure was performed with the program XPSPeak (version 4.1). The C-C (C1) peak was set to 285 eV and the functional groups were fitted with peak shifts according to literature. A Shirley background was applied in each case. These analyses were performed at the Materials Centre of the University of Porto (CEMUP).
Point of zero charge (pzc)
The pzc was determined by the pH drift method (Ferro-García et al. 1998) . A Crison GLP 21 pH meter (Barcelona, Spain) with a combined glass electrode was used and the solutions were stirred and bubbled with purified nitrogen during the pH measurements (to avoid CO 2 dissolution). The pH of a 0.01 M NaCl solution was adjusted to a value between 2 and 12 using diluted solutions of HCl or NaOH. The sorbent (0.5 g) was added to 50 mL of the pH-adjusted solution in a capped Erlenmeyer flask and equilibrated for 48 h in a thermostatically controlled incubator Lovibond (Dortmund, Germany) at 20°C with magnetic agitation (Velp Scientifica, Milan, Italy). The final pH was measured and plotted against the initial pH. The pH at which the curve crosses the pHinitial 0 pHfinal line was taken as the pzc. Duplicate assays were performed for raw and treated walnut shell samples.
Sorption studies
Sorption studies were conducted using a constant mass of sorbent to volume solution ratio of 0.5 g/50 mL. The samples, in capped Erlenmeyer flasks, were equilibrated in a thermostatically controlled incubator (Lovibond) at 20°C with magnetic agitation (Velp Scientifica). Experiments to investigate the pHdependent sorption were conducted between pH 2 and 8, with an initial concentration of 0.50 mg/L. Experiments were performed in citrate (pH 2, 3, 4, and 5) and phosphate (pH 6, 7, and 8) buffers with initial concentration of 20 mM and pH adjusted with diluted solutions of HCl or NaOH to the desired value. The solutions' ionic strength was not adjusted. Antibiotic and sorbent blanks were run for each pH. Duplicate samples were evaluated for each set of conditions and the average values are reported. Differences between replicate experiments were less than 5.5% (relative standard deviation) in all the cases. The solutions were filtered through a 0.20-μm PTFE syringe filter (VWR) before HPLC analysis. Sorption isotherms experiments were conducted using an experimental protocol similar to the one described for the pH-dependence experiments. In these studies, the solution pH was maintained constant at pH 2, 4, and 7, while the initial antibiotic concentration varied from 0.50 to 5.0 mg/L. Langmuir and Freundlich isotherms were applied to the experimental adsorption data. Non-linear regression analysis using the software package Fig.P from BIOSOFT was used.
3 Results and discussion
Physical and chemical properties of raw and treated walnut shells
Physical, chemical, and surface properties of the walnut samples are presented in Tables 1 and 2 . The treatments seem to have a minor effect on most of the walnut physical and surface properties, although for the alkaline-treated sample, higher differences are observed for the porosity and surface area comparatively to raw sample. This treatment may have led to some material deposition or precipitation onto surface which filled or blocked some pores. The applied treatments are aimed primarily at the surface chemical modification. Significant textural and physical alterations were not expected. The SEM micrographs ( Fig. 1 ) revealed a rough texture and an irregular porous surface. Walnut shell powder samples do not seem to have major differences in their surface morphology. Higher differences between samples are observed in the proximate analyses ( Table 2) . As expected, HCl treatment caused a significant decrease in the ash content (0.30% to 0.01%) as a result of mineral matter loss. On the other hand, the alkali treatment had the opposite effect. The increase in the ash content can be partially due to the treatment itself. Although the sample was washed several times, some sodium was detected by XPS (survey spectra; data not shown) in the sample surface. The proximate analysis results for the NaOH walnut shells provide evidence that some organic matter was also removed since the amount of volatile matter decreased from 91.17% to 86.38% and the fixed carbon increased almost in the same proportion (roughly 5%).
Thermogravimetric analysis
TG/DTG analysis has been used as a tool to characterize lignocellulosics and to measure possible alterations in the structure of the fractions (cellulose, hemicelluloses, and lignin) and in the breakdown of the interactions between them (Caballero et al. 1997; Mésszáros et al. 2004; Várhegyi et al. 2004) . Figure 2 shows the thermogravimetric (TG) and differential thermogravimetric (DTG) curves obtained for the three walnut shell samples (raw, HCl, and NaOH treated).
Most of the transformation occurs in a relatively narrow range of temperature. It is possible to define three pyrolysis zones for the raw walnut sample. Three peaks are observed with maxima at 316°C, 335°C, and 378°C, which overlap over a temperature range from approximately 200°C to 400°C. The occurrence and assignment of the three different steps of weight loss is well documented in the literature for the pyrolysis of other lignocellulosic materials (Antal and Varhegyi 1995; Raveendran et al. 1996; Suárez-García et al. 2002) . In all the cases, the first weight-loss step is associated with the decomposition of light fractions such as hemicellulose and extractives, and the second with cellulose decomposition. Both processes occur within narrow temperature intervals. Lignin decomposition, however, has been reported to take place over a wide temperature interval and to overlap with the decomposition processes of hemicellulose and cellulose (Antal and Varhegyi 1995; Raveendran et al. 1996; Caballero et al. 1997; Mésszáros et al. 2004; Suárez-García et al. 2002) . Raw and HCl walnut shell have smaller differences both in the temperature range, maximum rate of decomposition, and in the char yield (~20%). The maximum rate of weight loss is centered at the same temperature, 378°C, and for the first peak a slight shift is observed: 316°C instead of 310°C. However, more than three steps of weight loss can be distinguished. HCl walnut shell DTG curve shows a better resolution; five overlapped peaks are observed. As seen in Table 2 , one of the major differences between the composition of raw and HCl walnut shell is the difference in the amount of ash: there are higher amounts of inorganic materials present in the raw than Values are the means of duplicate determinations ± standard deviation Values are the means of duplicate determinations ± standard deviation Environ Sci Pollut Res (2012) 19:3096-3106 in the HCl walnut shell (0.30% versus 0.01%). As a result of the acid treatment, the overlap of hemicellulose and cellulose decomposition was reduced. Similar conclusions can be found in the literature where pretreatment of the biomass with water or acid washing has been used as a means to eliminate alkali metals and to improve peak resolution in thermogravimetric curves (Antal and Varhegyi 1995; Mésszáros et al. 2004; Várhegyi et al. 2004 ). Based on the data obtained, it is not possible to conclude that the acid treatment has led to some hemicellulose hydrolysis. It is, however, possible that both effects (elimination of the inorganic matter and associated catalytic action and acid hydrolysis) may have occurred to some extent. The thermal behavior of the NaOH-walnut shells shows higher differences. The decomposition of the NaOH-walnut shell starts at a lower temperature than raw and HCl walnut shell. Three weight loss steps are observed: 285°C, 310°C, and 360°C. The DTG peak maximum occurs at a lower temperature, 360°C, and the rate of decomposition of the two first peaks are considerably smaller than in the case of the raw walnut sample. The strongest effects caused by the NaOH treatments are the lower peak rate for hemicellulose region and the displacement of the entire DTG curve toward lower temperatures. A higher char yield is also observed (~25%) according to the findings reported above for the sample proximate analyses. Although the sample had been washed several times, some sodium was found in the sample surface detected by XPS (data not shown), which may have some catalytic effect and contribute to the char formation. On the other hand, in the case of NaOH treatment, extractives and hemicellulose are expected to be at least partially removed, and the variations in the thermogravimetric characteristics (the lower peak rate for hemicellulose region) following the treatment are probably a consequence of alterations in the chemical composition of the sample.
FTIR and XPS surface characterization
The IR spectra of raw and treated walnut shell samples are given in Fig. 3 with the main bands of interest identified by numbers and summarized in Table 3 . At first sight, all the three spectra seem to be similar. For all the samples, a broad and strong band around 3,400 cm −1 is observed due to the O-H stretching vibration (bonded) whereas those around 2,900 cm −1 are assigned to the stretching of C-H. The band located at~1,740 cm -1 in the raw and HCl walnut shell is assigned to the C 0 O stretching of the acetyl and uronic ester groups in hemicellulose or from ester linkages among lignin and hemicellulose (Stewart et al. 1995; Pawlak and Pawlak 1997; Pandey 1999; Pandey and Pitman 2004) . This band almost disappeared in the spectra of the NaOH-treated walnut shell. Spectra differences between the samples are also observed at around 1,243 cm −1
. For raw and HCl walnut samples, it appears as a unique band due to C-O stretch vibrations in lignin and hemicellulose (Stewart et al. 1995; Pandey 1999; Pandey and Pitman 2004) . For the NaOH walnut shell, two bands became perceptible in this region at 1,229 and 1,269 cm −1 . In conclusion, the comparison of FTIR spectroscopic data of untreated and treated walnut shell reveals that the most obvious feature occurs in the spectra of alkaline-treated sample. The ester carbonyl absorbance at 1,740 cm ) are identified. These changes in the spectra suggest that some alkali-labile linkages (mainly ester bonds) between lignin and polysaccharides (mainly hemicellulose) were cleaved during the treatment (Stewart et al. 1995; Pandey 1999; Kačuráková et al. 2000) . The removal of alkali-soluble extractives such as fatty acids and phenolic compounds may have also occurred. On the other hand, the spectra of untreated and HCl-treated walnut shell appear to be similar.
FTIR and XPS are complementary techniques to understand the nature of surface chemical groups. FTIR provides mainly qualitative information while XPS is particularly useful to estimate the relative amount of carbon-to-carbon/carbon-to-oxygen bonds at the surface materials. Changes due to the treatments were identified from the survey spectra (data not shown) as well as from the detailed C1s spectra (Fig. 4) . A detailed analysis of the C1s peak (Table 4) shows that the most important contribution came from C2 class consisting of C-OH and C-O-C carbon linkages followed by the C1 class (aliphatic and aromatic carbons). As expected, carbon-tooxygen bonds (alcohol, ether, carbonyl, esters, and carboxylic groups) are predominant at the walnut shell surface. The C1s peaks indicated for both treated samples a decrease in the area of the C1 and C4 peak, known to originate from lignin and extractives (Kazayawoko et al. 1998; Shchukarev et al. 2002; Nzokou and Kamdem 2005) . At the same time, a rise in the C2 peak (mainly originating from cellulose and hemicelluloses) was observed, indicating that more oxygen was exposed on the surface, which is also suggested by the O/C ratio (Kazayawoko et al. 1998; Sinn et al. 2001 , Shchukarev et al. 2002 Nzokou and Kamdem 2005) . The increase in O/C ratio following the treatments may be due to the partial removal of carbon-rich extractives such as fatty acids, terpenes, and phenolic compounds (Kazayawoko et al. 1998; Nzokou and Kamdem 2005) . When considering the change of the O/C ratio, the NaOH-treated sample is the most modified, and for all samples the ratio is higher than the theoretical value of O/C for lignin (0.33) and smaller than that of pure cellulose (0.83) (Nzokou and Kamdem 2005) . The reduction in the C4 class is probably related to the break of some ester linkages between lignin and hemicellulose but also to extractives removal from the surface after the treatment as also suggested by the FTIR spectra.
Sorption studies-influence of the walnut shell treatment and pH
The adsorption of ionizable pharmaceuticals is strongly dependent on the system pH, the pharmaceuticals' properties (pK a ), and the nature of the surface charge of the sorbent material (Gao and Pederson 2005; Lorphensri et al. 2006) . Sulfamethoxazole has one basic amine group (-NH 2 ) and one acidic sulfonamide group (-SO 2 NH-). Figure 5 shows the two-step dissociation pathway of sulfamethoxazole. Based on the dissociation constants found in the literature (Qiang and Adams 2004) , the speciation of this antibiotic in aqueous solution was estimated through distribution curves as a function of pH (Fig. 6 ).
The effect of pH is of great practical significance because it will not only influence the compound molecular state but also the ionization of chemically active sites on the sorbent and controls, therefore, the electrostatic interactions between both. The pzc of walnut shell was found to be 4.4± 0.1, 3.5±0.3, and 5.3±0.3 for the raw, acid-, and alkalinetreated shell, respectively (Table 2 ). Both samples (untreated and treated) have an acidic surface. As expected, the alkaline-treated shell has a less acidic surface most certainly due to the removal of some acidic extractives such as fatty acids and phenolic compounds from the surface according to the XPS data (Table 4) . The sorption studies were conducted for pH values ranging from 2 to 8 in order to elucidate the influence of the chemical treatments on the removal efficiency. The obtained removal efficiencies (α) are displayed in Fig. 6 along with the sulfamethoxazole speciation. Sulfamethoxazole sorption exhibited pronounced pH dependence. For pH values higher than 2, the removal efficiency decreases consistently for all samples. As the pH increased, the anionic species assumed dominance in solution, and the removal efficiency approached a minimum value, consistent with increasing electrostatic repulsion of sorbate by the negatively charged walnut shell surface (pH > pH pzc ) as proton activity declined. Another general trend that can be drawn from the results is the fact that NaOH-treated sample showed a better performance in the acidic region while the HCl-treated sample had a higher performance in the neutral and alkaline region. As previously mentioned, sulfamethoxazole is an amphoteric compound whose protonation occurs via the amine group and the ionization through the sulfonamide group. Thus, with varying pH of the solution, it will exhibit different active sites which could participate either in H-bonding or π-interactions between the aromatic moieties and also electrostatic type bond formation such as the positively charged nitrogen atom of the amine group, the oxygen atoms of the -SO 2 NH-group, due to their partial negative charge, and the negatively charged nitrogen atom of the ionized form. On the other hand, walnut shell is a heterogeneous material consisting of three major components, cellulose, hemicellulose, and lignin, and minor amounts of extractives and inorganics (Demirbaş 2002; Portilla-Rivera et al. 2008; Srinivasan and Viraraghavan 2008) . The chemical differences among these three components result in significant variability in their capacity to interact with organic contaminants. For instance, cellulose and hemicellulose may provide strong hydrogen bonding as a result of their polyhydroxyl and polycarboxylic structures while the lignin phenylpropane units may provide relatively hydrophobic regions, therefore attracting hydrophobic compounds. For pH >5, the main mechanism involved in the sorption seems to be the electrostatic interactions. Both sorbent samples (pH > pH pcz ) and sorbate are mainly negatively charged and the removal became less favorable most probably due to the electrostatic repulsion. As the pH decreases, the walnut shell surface acquires increasing positive charge; thus, it was expected that the electrostatic repulsion between the walnut shell surface and the cationic species would lead to a decrease in the sorption. However, the opposite was observed. At pH 4, approximately 96% of the antibiotic will be on a neutral form while at pH 2, the sulfamethoxazole molecules exist in the cationic (~41%) and neutral (~58%) form. In the pH range between 4 and 3, sulfamethoxazole exists mainly in the neutral form (>90%); with an isoelectric point around 3.7, hydrophobic interactions are expected to be the main sorption mechanism. As the pH decreases from 4 to 2, the walnut shell surface will acquire increasing positive charge and thus interactions between the protonated walnut shell groups and partially negative charged oxygen atoms of the -SO 2 NH-group, and between the unprotonated surface groups and the molecular and cationic sulfamethoxazole forms (dispersive/hydrophobic interactions and H-bonding) may explain the higher observed removal efficiency for the lowest pH studied. These interactions seem to overcome the electrostatic repulsion between the cationic sulfamethoxazole form (due to the protonation of NH 2 group) and the more positively charged surface (pH < pH pzc ). These results suggest that ion exchange may also play a role. These are, however, results that need further evaluation in future research. Res (2012) 19:3096-3106 Langmuir (1) and Freundlich (2) isotherms were applied to the experimental adsorption data for sulfamethoxazole sorption at pH 2, 4, and 7 onto raw walnut shell:
where q m is the monolayer capacity (mg/g), b is the adsorption equilibrium constant (L/mg), and C e is the equilibrium concentration (mg/L) in the aqueous phase.
where q e is the equilibrium mass of chemical sorbed per unit mass (mg/g), C e is the equilibrium concentration (mg/L) in the aqueous phase, K fr is the Freundlich sorption constant (mg 1−1/n g −1 L 1/n ), and n (dimensionless) is the Freundlich exponent that describes isotherm non-linearity.
Experimental results were fitted to Eqs. (1) and (2) by non-linear regression, using the software Fig.P from Biosoft, and are summarized in Table 5 . Model parameters were obtained minimizing the sum of the squared deviations between experimental and predicted values. The determination coefficients (R 2 ) and the sum of squares (SS) suggest that a better fit is obtained using the Freundlich model. However, the values of F calculated as the ratio between the variances of the two models were always below the tabulated F value for 95% confidence level, indicating that both models can be used to describe the experimental data obtained at pH 4 and 7; they are not statistically different. However, sorption isotherm at pH 2 is better fitted to the Freundlich model. Nevertheless, both models consistently indicate that sulfamethoxazole sorption exhibits pronounced pH dependence with the maximum sorption at lower pH. Neutral and cationic forms showed higher affinity to the sorbent.
Conclusions
The sorption properties of the walnut shell sorbents were modified in a relatively simple way by the pretreatment with HCl and NaOH. Although the chemical treatment did not substantially alter the structure of the sorbent (physical and textural characteristics), it modified the surface chemistry of the sorbent (acid-base properties, pH pzc ). Sorption of sulfamethoxazole was found to be highly pH dependent in the entire pH range studied and for both raw and treated sorbents.
The treatments with the alkaline solution resulted in a slightly increased sorption ability for the cationic and neutral form of sulfamethoxazole, whereas the treatment with mineral acid decreased the sorption ability for sulfamethoxazole to some extent in the pH range below 4. For pH ≥6, the HCl-treated sorbent showed a better performance, but in this range the sorption capacity decreased for all sorbents as a result of increased electrostatic repulsion forces. The neutral and cationic forms showed higher affinity to the sorbents. Walnut shells' sorption capabilities could be enhanced by further appropriate chemical treatments. The applied treatments were performed at room temperature. More dramatic alterations in the sorbent chemistry and structure could be achieved by stronger reaction conditions.
